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ABSTRACT 
 
The shortage of electric power is the major problem now-a-days. As the 
conventional energy sources are depleting at a faster rate, there is an urgent 
need to investigate the alternative energy sources which help to solve the 
problem. The Renewable Energy Sources (RES) like wind, solar, tidal, bio 
mass etc., serve this purpose. But these are intermittent in nature and cannot 
be integrated to the present utility grid directly.  
Thus, to overcome the above problem power electronic converters are used. 
These converters should be controlled in such way that the stability of the 
overall system is maintained. 
In this project, the control of grid connected inverter with LCL filter is 
studied. The LCL filter is an effective solution for the interconnection of the 
RES to the grid but suffers from the problem of resonance. To overcome the 
above drawback active and passive damping methods are proposed. And 
also a control strategy to reduce the lower order harmonics is proposed. The 
proposed control strategy is simulated in MATLAB SIMULINK 
environment. 
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CHAPTER 1 
 
INTRODUCTION 
1.1 Introduction 
1.2 Research Motivation 
1.3 Literature Review 
1.4 Thesis Objectives 
1.5 Organization of Thesis 
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1.1 INTRODUCTION 
At present, there is an exponential rise in the power demand and to meet this demand the 
existing energy resources are not sufficient. And also these resources are depleting day-
by-day. So there is an urgent need to develop the power generation from Renewable 
Energy Sources (RES) which provide a reliable alternative for the conventional energy 
sources. 
These also have the advantage of cleaner energy production by reducing carbon 
emission, thereby being environmental friendly. But the main drawback of these RES is 
their intermittent nature, which causes difficulty in extracting power all the time in a day. 
As these are the only option left to meet the increasing energy demand, they (RES) 
should be modeled in such a way to overcome this drawback. 
These RES are synchronized to the grid through a dc-link and an inverter. To ensure 
stable operation of the grid, the voltage and frequency of the power injected by the RES 
should match with that of the grid. To achieve this, perfect control of the grid-side 
inverter is required in spite of the intermittent nature of RES. This project presents the 
modeling of the grid side inverter and proposes a control strategy for better 
synchronization of the RES to the grid. 
1.2 RESEARCH MOTIVATION 
The RES are used as alternative energy sources now-a-days. Due to the intermittent 
nature of these sources, the characteristics of the power generated by RES are quite 
different from that provided by conventional power plants [1]. As a result, the stability 
and reliability of the whole power system is affected by the increasing penetration level 
of RES. In order to minimize the adverse impact of RES, the performance of RES power 
plants should be regulated and their control & integration to the utility grid is utmost 
important and is achieved through power electronic converters [2].  Consequently, the 
control of the inverter should be improved to meet the requirements for grid 
interconnection. 
1.3 LITERATURE REVIEW 
The use of Renewable Energy Sources for electric power generation is an age old 
solution from 1992-1994. But they are used for specific applications like heating water, 
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pumping water etc. They are not so prominent at that time and the capacity of power 
extracted from RES is very less. But with the development of technology and 
modernization there is a rapid increase in demand for electric power. The traditional 
energy sources like- coal, fossil fuels are not sufficient to meet this increase in demand. 
As a result there is a mismatch between the electric power demanded and supplied 
thereby affecting the stability and reliability of the overall system. 
Thus to overcome the above problem, alternative energy sources should be employed 
and the RES are the best alternative to solve this issue. With this the importance of the 
RES has been increased exponentially and many new RES power plants have been 
established. Among the RES hydropower and wind energy has largest utilization. The 
wind power in many countries over the world has led to the fast development of wind 
turbine technology. At the end of 2004, Europe has nearly about 35-GW of installed 
wind power.  
Another RES that gains importance without harming environment is Photo-Voltaic (PV). 
The recent advances in power electronics and the materials used for making PV-cells 
increased the use of PV panels for electric power extraction. But the main drawback of 
the RES is their low efficiency and controllability. As a consequence, the interconnection 
of RES to utility grid may cause grid instability or even grid failure. Therefore, the 
control strategies to control RES are of utmost important. This project presents the 
control of grid connected inverter to maintain the stability of the overall power system. 
The control of grid connected inverter is done under two loops- Voltage control loop and 
Current control loop [2]. The current control loop is responsible for the quality of power 
injected to the grid and plays a vital role in the control algorithm. There are different 
current control techniques in the literature. The basic classification in current control 
techniques is- linear and non-linear. The non-linear current control techniques have good 
dynamic response but introduce a time delay. Among the linear control techniques, 
Proportional-Integral (PI) and Proportional-Resonant (PR) are most prominently used. 
The control of grid connected inverter can be carried out in various reference frames like 
a-b-c, d-q or α-β. Each reference frame has a unique control strategy with its own merits 
and demerits. An overview of the various reference frames for grid connected inverter 
control is given in [9]. A PI current control technique in d-q reference frame is presented 
in [1]. But it has the problem of strong coupling between d and q-axes currents and 
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requires additional control circuitry. To overcome this problem, PR control technique 
[15] can be used. The advantage of PR controller is the possibility to implement 
harmonic compensator without interfering with the control dynamics. An overview of 
different current control techniques have been given in [22]. Among them suitable one 
can be used based on application.  
Another major issue regarding grid integration is the harmonic content present in the 
output current of the inverter. To reduce these harmonics filters can be used at the output 
of the grid connected inverter. There are different filter topologies in the literature like L, 
LC, LCL etc., which can be used for this purpose. The merits and demerits of different 
filter configurations have been explained in [5]. Among the various available topologies, 
LCL filter best suits the application of grid integration of RES. The modeling and control 
of grid connected inverter with LCL filter has been given in [7]. Here the mathematical 
modeling is done in α-β reference frame. 
The drawback of the LCL filter is- it may cause resonance with grid. To overcome this 
drawback active and passive damping methods have been proposed in the literature. The 
active damping method is a control algorithm which acts such a way to cancel out the 
resonance affect. On the other hand, the passive damping method uses physical elements 
such as inductor, capacitor and resistor to provide damping. An overview of the active 
damping method for suppressing LCL filter resonance is given in [14]. [16]-[17] also 
explain the active damping method to damp out the LCL filter resonance. A comparative 
study between active and passive damping control techniques along with different 
existing topologies in active and passive damping have been presented in [8]. Resonance 
damping of LCL filter using low pass and band pass filters is given in [11]. A new active 
damping strategy for LCL based grid connected inverter is presented in [23]. The active 
damping control algorithm is difficult to implement but it has better performance 
characteristics and high efficiency with reduced THD. The passive damping method 
suffers with reduced efficiency due to increase in power loss because of the extra passive 
elements. It is a low cost method and is used where the efficiency can be sacrificed 
slightly. 
With the use of LCL filter the THD of the grid current has been greatly reduced and 
almost sinusoidal waveforms of grid voltage and current are obtained. But there are 
considerable amount of low-order harmonics present in the grid current. And also the 
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recent solutions for grid interconnection are based on transformer less architecture. This 
causes the presence of DC offset component in the grid current. This value should be 
within permissible limits for smooth operation of the grid. To overcome this problem, a 
shunt connected LCL filter has been proposed in [12]. In this the LCL filter has been 
connected in shunt at the point of coupling between the inverter and the grid. The control 
strategy of grid connected inverter with shunt connected LCL filter is presented in this 
paper. 
1.4 THESIS OBJECTIVES 
The main objective is to control the grid-connected converter, through which the RES is 
connected to the utility grid. The objectives of the control algorithm include- 
1. Minimize the harmonics in grid current 
2. Reduce the voltage fluctuations at the point of common coupling (PCC) 
3. Control the DC-link voltage 
4. Control the active power injected to the grid 
5. To ensure unity power factor operation 
6. To have independent control on active and reactive power injected into the grid 
1.5 ORGANIZATION OF THESIS 
The thesis is organized into five chapters including the introduction. Each of these is 
summarized below. 
Chapter 2 deals with the LCL filter used for grid interconnection of RES to the utility 
grid and provide the mathematical model of grid connected converter. 
Chapter 3 deals with the active and passive damping methods used for damping out LCL 
filter resonance and provide a comparative study between the two methods during steady 
state condition and during source dynamics condition. 
Chapter 4 deals with the reduction of harmonics in the injected grid current below the 
fundamental frequency and provides a control circuit for this purpose. 
Chapter 5 deals with the general conclusions of the work done followed by future scope 
and references. 
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CHAPTER 2 
 
MODELING AND CONTROL OF GRID-
CONNECTED INVERTER WITH LCL-FILTER 
2.1 Introduction 
2.2 Why LCL Filter? 
2.3 Modeling of Grid Connected Inverter 
2.4 Control of Grid Connected Inverter 
2.5 Chapter Summary 
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2.1 INTRODUCTION 
The Renewable Energy Sources are connected to the utility grid through a power 
electronic converter and a filter. The block diagram of the grid-connected RES is- 
 
Figure2.1 Block Diagram of Grid Connected System 
In Fig. 2.1 the RES may represent wind or solar panel, which generate either ac or dc. 
Then there is an input side converter which converts the ac power generated (in case of 
wind mills) to dc. Its main aim is to extract maximum power from the RES. It may 
contain a boost converter to boost the voltage levels to match with that of the utility grid 
values. The control algorithms of input side converter include MPPT techniques to 
extract maximum power from RES at every point of time. 
The DC-link is used for providing constant dc input voltage to the grid-side converter. It 
contains a capacitor, Cdc for this purpose. 
The Grid-side Converter converts the dc power to ac and feed it to the utility grid. The 
main aim of this converter is [1]-   
 To maintain constant dc-link voltage  
 To keep the frequency and phase of output current same as grid voltage 
The control algorithm of this converter has the following tasks-  
 To control the active power injected into the grid 
 To control the reactive power transfer between the RES and the grid 
 To maintain Grid Synchronization 
In addition to the above main tasks, the grid-side converter also regulates local voltage 
and frequency, compensates the voltage harmonics and may does active filtering when 
required. Thus, to control the power injected into the grid, the control of grid-side 
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converter is of utmost important. But the output current from the inverter contains 
harmonics. So to filter out these harmonics a filter is used at the output of the inverter. 
2.2 WHY LCL-FILTER? 
There are different types of filter configurations in the literature like- L, LC, LCL. The 
characteristics and the application of each type of filter are as follows- 
2.2.1 L-Filter: 
The L-filter is a first order filter having 20dB/decade attenuation over the whole 
frequency range. So this type of filter has its application with converters having high 
switching frequency where the attenuation is sufficient [5]. The L-filter topology is as 
shown in Fig. 2.2 and the transfer function of the L-filter is-   
 ( )  
 
  
                                                                                                                                 (   ) 
VSI
L
 
Figure2.2 PWM VSI with L-Filter 
2.2.2 LC-Filter: 
The LC-filter is a second order filter and has better damping characteristics than the L-
filter. The LC-filter topology is as shown in Fig. 2.3 and the transfer function of the LC-
filter is- 
 ( )  
  
      
                                                                                                                   (   ) 
VSI
L
C
 
Figure2.3 PWM VSI with LC-Filter 
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But this filter suffers from the problem of infinite gain at resonant frequency. 
2.2.3 LCL-Filter: 
This is a third order filter with an attenuation of 60dB/decade above resonant frequency. 
So it can be used for converters with low switching frequency. It can achieve reduced 
levels of harmonic distortion with small value of inductance [5]. Thus, this filter suits 
better for the interconnection of RES with utility grid. The LCL-filter topology is as 
shown in Fig. 2.4. 
VSI
L1
Cf
Rd
L2
 
Figure2.4 PWM VSI with LCL-Filter 
But this is a third order filter which is difficult to be stable and introduces resonance. So 
to damp out the resonance active and passive damping methods are used. The transfer 
function of the LCL-filter with active and passive damping methods is given by 
equations (2.3) and (2.4) respectively. 
 ( )  
       
         (     )       (     ) 
                                                    (   ) 
 ( )   
       
                (    )       (     )   (     ) 
           (   ) 
In passive damping method an additional capacitor ‘C’ is connected in parallel with filter 
capacitor and resistor. 
The bode-plot for different filter topologies is as shown in Fig. 2.5. From the bode-plot it 
is clear that the LCL-filter with active damping method has better performance 
characteristics when compared with other filter topologies. 
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Figure2.5 Bode plot of different filter configurations 
2.3 MODELING OF GRID-CONNECTED INVERTER 
The mathematical model of the grid-connected RES is necessary in order to simulate and 
study the performance of the system at different operating conditions. There are certain 
assumptions based on which the mathematical model is derived [1]. They are as follows- 
1. Three phase grid voltage is symmetrical, stable and internal resistance is zero 
2. Three phase loop resistance and inductance are of  the same value in all phases 
3. Switching loss and on-state voltage drop are neglected 
4. Effect of distributed parameters are neglected 
5. Switching frequency of the rectifier is high enough 
The circuit diagram of grid-connected inverter with LCL-filter is shown in Fig. 2.6. 
P
V
AC
AC
AC
Cdc
S1 S3 S5
S4 S6 S2
Li Lg
Usa
Usb
Usc
N
O
Va
Vb
Vc
Cf
Rd
IdcIpv
+
-
Vdc
ig
 
 Figure2.6 Circuit-Diagram of Grid-Connected Inverter 
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The parameters of the Fig.2.6 are as follows: 
Li is the inverter side filter inductor 
Lg is the grid side filter inductor 
Cf is the filter capacitance 
Rd is a small damping resistance in series with the filter capacitance 
Va , Vb , Vc are the inverter side output voltages 
Usa , Usb , Usc  are the grid side output voltages   
Cdc is the dc-link capacitance 
Ipv is the current from the PV-panel 
Idc is the current through dc-link capacitor 
ii is the current from the inverter 
ig is the current entering the grid 
Vdc is the voltage across dc-link capacitor 
From the circuit diagram by using Kirchhoff Law, the voltage and current equations in 
stationary frame can be written as follows [6]- 
 (  )     
   (  )
  
     (  )                                                                                               (   ) 
   (  )     
   (  )
  
    (  )                                                                                           (   ) 
  
    (  )
  
    (  )     (  )                                                                                             (   ) 
 
Let the switching function of the inverter switches be defined as- 
SK = 1, if upper switch conducts and lower switch blocks and 
     = 0, if lower switch conducts and upper switch blocks 
Where K=a,b,c 
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From Fig. 2.6 on the dc-side,                                                                        (2.8) 
And                                                                                                      (2.9) 
               
    
  
                                                                                                     (2.10) 
Where isa, isb, isc are the currents in phases-a,b,c respectively coming out of the inverter. 
If the switching frequency is much higher than the grid voltage frequency, then the 
switching function, Sk can be substituted by duty cycle, dk [1]. 
Thus, from equation (2.8),  
   
    
  
     (                 )                                                                        (    ) 
Converting the above equation in a-b-c reference frame to stationary reference frame 
(αβ) using the Park’s transformation matrix, the new equation obtained is- 
   
    
  
     
 
 
(         )                                                                                       (    ) 
Where dα, dβ are the duty ratios of the inverter switches in α-β plane and iα, iβ are the 
inverter output currents in α-β plane.  
2.4 CONTROL OF GRID-CONNECTED INVERTER 
As said earlier, the control of the grid-side inverter is required to maintain the quality of 
power injected into the grid, to control active and reactive power exchange between the 
RES and the utility grid, to maintain dc-link voltage constant and to have grid 
synchronization. The control of the grid-connected inverter is based on two cascaded 
loops: an internal current loop and an external voltage loop [2]. 
The inner current loop is fast and regulates the grid current. It is responsible for power 
quality and current protection. It compensates the harmonics and the dynamics in the 
system. 
The outer voltage loop is responsible for maintaining the dc-link voltage constant. It 
balances the power flow in the system and aims to maintain the stability of the system. 
Each loop is briefly described below. 
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2.4.1 Voltage Control Loop: 
By assuming the power balance on ac and dc sides of the inverter, the transfer function 
of the dc-link voltage control can be obtained as- 
     ( )    
 
     
                                                                                                     (2.13) 
The block diagram of the dc-link voltage controller is given in Fig. 2.7. The reference 
value of the dc-link voltage is compared with its actual value and the error is fed to a 
compensator. A gain Kpd is used as a compensator. The output of the compensator is 
added to the current feed-forward signal from the PV-panel. This is done in order to 
improve the dynamic response of the voltage controller in presence of rapid power 
changes at the PV-panel. This loop generates the active current reference value for the 
inner current loop. The value of gain Kpd is calculated to obtain a 50 Hz bandwidth [2]. 
Vdc_ref
+
Kpd
Ipv
+
+
GVdc(s)
-
VdcIref
 
Figure2.7 DC-link Voltage Loop Control 
2.4.2 Current Control Loop: 
The current controller of three-phase VSI plays an indispensable role in controlling grid-
interfaced inverter. Consequently, the quality of the applied current controller largely 
influences the performance of the inverter system. Many control mechanisms have been 
proposed to regulate the inverter output current that is injected into the utility grid. 
The current control techniques are of two types-linear and non-linear [22]. The 
classification of the current control techniques is shown in Fig. 2.8. 
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Current Control Techniques
Linear Control 
Techniques
Non-Linear 
Control 
Techniques
PI PR Repetitive 
Controller 
(RC) Predictive 
Controller
Dead-Beat 
Controller
Hysteresis 
Controller
 
Figure2.8 Classification of Current Control Techniques 
 
Non-linear controllers have good dynamic response but introduce a time delay. So linear 
control techniques are preferred mostly. Among the linear current control techniques PI 
and PR are most commonly used. 
A. Proportional-Integral (PI) Controller: 
It contains a proportional gain Kp and an integrator with gain KI. The integral component 
helps in eliminating the steady state error. The transfer function of the PI controller is- 
   ( )     
  
 
                                                                                                                    (    ) 
The proportional and integral gain values are calculated by Symmetrical Optimum 
Method [24]. Even though the current error turns to zero in steady state, it may appear in 
transient condition. This controller is mainly used in d-q reference frame where the grid 
voltage and currents are dc variables. In d-q reference frame, the current equations are 
given as [1]- 
  
   
  
                                                                                                            (    ) 
  
   
  
                                                                                                                     (    ) 
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Where Ls is the grid-inductance and Um is the maximum value of grid voltage. From 
above equations it is clear that the system is strongly coupled and the design complexity 
increases. So to reduce the complexity, the control is done in stationary reference frame 
(α-β). In stationary reference control the advantage is that the number of control 
variables is reduced. But in stationary reference frame control, the control variables are 
sinusoidal in nature. So PI controllers fail in removing the steady state error. As a 
consequence employment of other type of controllers is necessary. Due this drawback a 
new controller known as proportional resonant (PR) controller gains large popularity in 
current regulation for grid connected inverter system. 
B. Proportional-Resonant (PR) Controller: 
To overcome the drawback of the PI controller, PR controllers are proposed. The 
advantage of PR controller is the possibility of implementing harmonic compensator 
without affecting the controller dynamics [3]. The transfer function of an ideal PR 
controller is- 
   ( )     
    
     
                                                                                                        (    ) 
But this has an infinite gain at the frequency ω rad/s. So a cut-off frequency ωc is 
introduced to obtain finite gain and also to reduce sensitivity towards utility grid 
frequency variations by adjusting the band-width. Thus, the transfer function of non-
ideal PR controller is- 
   ( )     
      
          
                                                                                           (    ) 
With the flexibility of tuning the resonant frequency, the PR controller can be used for 
selectively compensating the low-order harmonics. The gain values are calculated by 
using the formulae give in [4]. 
2.4.3 Control Strategy: 
The main aim of the control strategy is to obtain unity power factor operation and to 
reduce the harmonics in the current injected into the grid. To achieve these objectives, 
the grid voltage is aligned along the d-axis of the 2-ϕ rotating coordinates. So Vd = Vg 
and Vq = 0. 
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The grid voltage and current when expressed in d-q reference frame can be written as- 
                                                                                                                                     (    ) 
                                                                                                                                       (    ) 
Three-phase complex power injected to the grid is given as-  
                                                                                                                                      (2.21) 
Thus, the complex power in d-q reference frame is given as- 
                                                                                                                                  (    ) 
This shows that active power injected to the grid depend on ‘Id’ and reactive power 
depends on ‘Iq’. Thus, the active and reactive powers are controlled independently. To 
make the reactive power exchange to zero, the reference value Iq
*
 is set to zero. The 
current Id is controlled to meet the active power demand. So its reference value is 
calculated from (2.22) as- 
  
  
  
  
 
  
  
                                                                                                                            (    ) 
Where P
*
 is the reference power.  
These reference currents are transformed to α-β plane and compared with their actual 
values. The error is then passed through a PR-controller and finally pulses are generated 
for inverter switches. 
2.5 CHAPTER SUMMARY 
This chapter deals with different filter topologies for grid interconnection. It also 
provides the mathematical modeling of the grid connected RES with an LCL-filter. The 
various control techniques used for controlling the grid-connected inverter are also 
discussed. The basic idea of the control strategy is also presented in this chapter. 
 
 
National Institute of Technology, Rourkela 17 
 
CHAPTER 3 
 
ACTIVE AND PASSIVE DAMPING METHODS 
3.1 Introduction 
3.2 Active Damping 
3.3 Passive Damping 
3.4 Simulation Results 
3.5 Chapter Summary 
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3.1 INTRODUCTION 
The LCL-filter has many advantages and suits best for grid interconnection of RES. But 
it may cause resonance with the grid impedance and may affect the stability of the 
system. In order to ensure stable operation of the utility grid, the filter resonance should 
be damped out effectively. This chapter explains active and passive damping methods for 
mitigating the resonance problem. 
3.2 ACTIVE DAMPING 
The active damping technique is a type of control algorithm other than physical elements 
[8]. It may use full state feedback, voltage or current feedback of the LCL filter capacitor 
or inductor, delay in the control circuit etc. The basic circuit diagram of LCL filter is 
shown in Fig. 3.1. Here a small resistance Rd is used in series with the filter capacitor to 
provide the damping if the active damping control fails. Each type of active damping 
method is described below. 
AC
AC
Rd
Cf
LgLi
Ug
Ii Ig
Vi
 
Figure3.1 Circuit Diagram of LCL-Filter 
3.2.1 Full-state Feedback: 
According to the modern control theory, the system could be stabilized with the feedback 
of all state variables such that the closed-loop system poles are located in the stability 
region. The system has good static and dynamic performance with the allocation of 
closed loop system poles in the desired region, but it is analog control. So a full-state 
feedback current control method has been proposed in [8], which assigns the poles in the 
Z domain, but it is sensitive to the system parameters. It requires more number of sensors 
and increases the cost and complexity. The full state feedback has limited control 
bandwidth and larger phase lag. It requires the support of other control algorithms to 
achieve good performance. Thus, it is not used widely. 
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3.2.2 Capacitor Voltage or Current Feedback: 
Capacitor current feedback is a typical method of virtual damping. It achieves the same 
function as a passive damping resistance. The feedback capacitor voltage method is the 
deformation of feedback capacitor current method. This method needs a lead-lag 
network to compensate the shift in the phase angle introduced by the filter and to 
stabilize the system [14]. 
3.2.3 Notch Filter: 
This method consists of adding a filter in series with the reference voltage of the 
modulator. The basic idea is to introduce a negative peak (notch) in the system that 
compensates the resonant peak caused by the LCL filter [17]. For this the notch filter is 
added in the current loop. The frequency of the notch filter has to be tuned at the 
resonance frequency of the LCL filter in order to provide good damping. 
3.2.4 Filter Inductor Current Feedback: 
A control algorithm with filter inductor current feedback can also be considered. It can 
be either inverter side inductor current feedback or grid side inductor current feedback. 
The control strategy implemented in this project considers the inverter side inductor 
current feedback. The three phase inverter current is converted into 2-ϕ stationary 
reference frame (α-β). These currents are then compared with their reference values and 
the error is then passed through the PR controller. The output of the PR controller is 
added with feed forward grid voltage to reduce the harmonics in the grid current injected 
[3]. It also keeps the control algorithm in track with the changes in grid voltage. Then the 
signals are passed through a PWM generator to generate the pulses to the inverter 
switches. The overall control block diagram is shown in Fig. 3.2. 
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Figure3.2 Overall Control Strategy of Grid-connected PWM VSI 
3.3 PASSIVE DAMPING 
Passive damping methods usually use physical resistors. The resistor can be connected 
either in series with or in parallel with the inductor or capacitor of the filter. As it is 
simple and easy to realize, it is widely used. Other passive elements such as inductor, 
capacitor can also be connected in addition to the resistors. There are many passive filter 
topologies in the literature [8] like- an inductor shunting the damping resistance, a 
capacitor connected in parallel with the filter capacitor and damping resistor, a parallel 
LC resonant circuit shunting the damping resistor etc. But in this method the losses are 
more so the efficiency is reduced. Thus, this method finds application where cost should 
be less and efficiency can be sacrificed slightly. 
In this project a passive damping method where an additional capacitor is connected in 
shunt with the filter capacitor and damping resistor is used [13]. The filter circuit is 
shown in Fig. 3.3.  
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Figure3.3 Passive Damping Configuration of LCL-filter 
3.4 SIMUALTION RESULTS 
The overall control strategy of grid-interfaced inverter with active and passive damping 
methods for LCL-type filter configuration is studied and analyzed using MATLAB-
Simulink environment. The system parameters considered for this study are given in 
Table-1. The obtained results during steady state and transient conditions are discussed 
in this section.  
TABLE-I. SYSTEM PARAMETERS 
Symbol Parameter Value 
Ppv System power 100 kW 
Vdc DC-link voltage 600 V 
Ug Grid voltage 380 V (line-to-line) 
Cdc DC-link capacitance 13400 µF 
fs Switching frequency 4.5 kHz 
Li Inverter side inductance 2 mH 
Lg Grid side inductance 1.8 mH 
Cf Filter capacitance 4.7 µF 
Rd Damping resistor 2.2 Ω 
C1 Damping capacitor 4.7 µF 
3.4.1 During Steady State Conditions: 
The simulation results under steady-state condition for active and passive damping 
methods are illustrated in Fig. 3.4 and Fig. 3.5 respectively. Fig.3.4 (a) shows the three-
phase grid voltage and grid current waveforms under steady state conditions using active 
damping method and they are almost close to sinusoidal waveforms. Fig.3.4 (b) depicts d 
and q-axis grid current components and q-axis component is almost zero. And it implies 
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that there is no reactive power injected into the grid and it ensures unity power factor 
operation of the grid. The corresponding grid active and reactive power response is 
shown in Fig.3.4 (c). Also the dc-link voltage is maintained constant at 600 V which is 
illustrated in Fig.3.4 (d). With the help of active damping method, PWM VSI with LCL 
filter injects sinusoidal current into the grid. As a result, THD of grid current is largely 
reduced (1.66%) and it is shown in Fig.3.4 (e). The corresponding steady state response 
of passive damping method for LCL-type filter for grid-connected PMW VSI is shown in 
Fig. 3.5. 
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(c) 
 
(d) 
 
(e) 
Figure3.4 Simulation results for active damping method under steady state condition (a) Grid voltage and 
grid Current waveforms (b) d and q-axis grid currents (c) Response of active and reactive Power (d) 
Response of dc-link voltage (e) THD of grid current. 
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(e) 
Figure3.5 Simulation results for passive damping method under steady state condition (a) Grid voltage and 
grid Current waveforms (b) d and q-axis grid currents (c) Response of active and reactive Power (d) 
Response of dc-link voltage (e) THD of grid current. 
3.4.2 During Step Change in the Input PV power: 
In order to simulate the operation of the proposed control strategy and to analyze the 
transient response of both active and passive damping method of LCL-type filter, a step 
changes in the extracted PV power whose amplitude reduced from 100 kW to 70 kW at 
0.08 sec is applied and the related simulation results are shown in Fig.3.6 and Fig.3.7 
respectively. Due to step change in the PV power input at 0.08 sec, d-axis grid current 
component is changed at 0.08 sec and it reaches the steady state at 0.1 sec which is 
clearly shown in Fig.3.6 (b). However, q-axis grid component is still zero because of the 
proposed control strategy and it ensures unity power factor operation of the grid. This 
figure shows that after a small transient time, the output inverter current reaches its 
steady state value of 100 A, which is exactly equal to the reference value. This proves 
that the current loop controller along with active damping method in the LCL-type filter 
is effective such that measured currents track their references with constant dc-link 
voltage of 600 V (from the Fig.3.6 (c)). Moreover, its dynamic behavior is satisfactory. 
In addition, the active damping method with LCL-type filter injects sinusoidal current 
into the grid with lesser THD (1.85% from the Fig.3.6 (d)). The corresponding response 
of passive damping method with LCL-type filter for grid-connected PWM VSI is 
illustrated in Fig.3.7. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure3.6 Simulation results for active damping method during step change in the input PV power (a) Step 
change in the input PV power (b) d and q-axis grid currents (c) Response of dc-link voltage (d) THD of 
grid current. 
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(a) 
 
(b) 
 
(c) 
Figure3.7 Simulation results for passive damping method during step change in the input PV power (a) d 
and q-axis grid currents (b) Response of dc-link voltage (c) THD of grid current. 
3.4.3 Comparative Analysis: 
A comparative study between active and passive damping methods for LCL-type filter is 
discussed here. With reference to Table-II, it is found that, the active damping method is 
superior over passive damping method and it ensures almost sinusoidal current injection 
into the grid with reduced THD. Also the loss befalling in the passive damping method 
are more with the introduction of extra physical components, which further reduces the 
overall efficiency of grid-connected inverter system. 
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TABLE-II. THD OF GRID CURRENT COMPARISON 
Type of Damping Steady-State 
Condition 
Source Dynamics 
Condition 
Active Damping 1.66% 1.85% 
Passive Damping 2.03% 2.11% 
 
3.5 CHAPTER SUMMARY 
This chapter discusses the active and passive damping methods to damp out the LCL 
filter resonance. The proposed control strategy is simulated in MATLAB-SIMULINK 
environment. In addition, a comparative study has been made between active and passive 
damping methods. From the above said discussions, it is found that active damping 
method is better than passive damping method to inject sinusoidal current into the grid 
with less THD. Also it ensures zero steady state error with stable response. In addition to 
that, passive damping method involves extra cost and losses due to additional circuit 
components. Nevertheless, active damping method difficult to implement, but overall 
performance of grid-connected PWM VSI is improved with higher efficiency. 
 
 
 
 
 
 
 
 
 
 
National Institute of Technology, Rourkela 29 
 
CHAPTER 4 
 
CONTROL STRATEGY TO REDUCE LOW-
ORDER HARMONICS 
4.1 Introduction 
4.2 Shunt Connected LCL Filter 
4.3 Control of Grid Connected Inverter 
4.4 Simulation Results 
4.5 Chapter Summary 
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4.1 INTRODUCTION 
The RES are connected to the utility grid through a power electronic converter. The 
output of the converter contains harmonics which should be filtered before injecting to 
the grid. The series connected LCL filter serves this purpose. With the series LCL filter, 
the THD is greatly reduced but the lower order harmonics are prominent. In order to 
reduce these harmonics and increase the amount of current injected into the grid, there is 
another topology of filter in the literature [12]- shunt connected LCL filter. This filter 
reduces the THD more than the series LCL filter and increases the amount of current 
injected into the grid. This chapter deals the control of grid connected inverter with shunt 
connected LCL filter. 
4.2 SHUNT CONNECTED LCL FILTER 
The shunt connected LCL filter is a slight modification of the series LCL filter. Here the 
filter is connected in shunt at the Point of Common Coupling (PCC). The block diagram 
of the shunt connected LCL filter for a 1-ϕ system is shown in Fig. 4.1. In the Fig. 4.1 
L1, L2 and C constitute the LCL filter. The grid inductance is represented by Lg. The 
voltage source Vi represent the output voltage of the inverter and the voltage source Ug 
represent the grid voltage. The filter inductor may contain some parasitic resistance 
values when preferring a low-cost solution [12]. 
AC
AC
Cf
Lg
L1
Ug
Vi
Ii Ig
L2  
Figure4.1 Block Diagram of Shunt Connected LCL Filter 
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4.3 CONTROL OF GRID CONNECTED INVERTER 
The control strategy for grid connected inverter with shunt connected LCL filter is same 
as that of the series LCL filter except that it involves the calculation of the compensation 
current, which compensates the low-order harmonics. The overall control block diagram 
is shown in Fig. 4.2. In the figure, L1, R1; L2, R2 and Cf constitute the shunt LCL filter. 
The inductor, L2, current is sensed to calculate the compensation current. The whole 
control is done in 2-ϕ stationary (α-β) reference frame. 
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Figure4.2 Control Block Diagram with Shunt Connected LCL-Filter 
 
4.3.1 Compensation Strategy: 
In grid connected power converters usually a line frequency transformer is usually 
employed either in traditional or in renewable energy sources. This is usually employed 
in order to suppress the DC component. But in the recent solutions is transformer less 
architecture in order to reduce size, weight and cost. The exclusion of line frequency 
transformer leads to the presence of DC component at the output of the power converter. 
Thus, the DC component along with other low frequency harmonics reduces the quality 
of current injected to the grid. Therefore, in transformer less architecture the power 
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converter should be controlled in such a way that the DC component is eliminated from 
converter output and the performance of the system is enhanced. 
The main idea behind the control strategy is that- the reactor current distorts due to the 
presence of DC component and the distortion may occurs either in the positive half cycle 
or in the negative half cycle of the current waveform. To detect this distortion, for every 
grid voltage period two indices are computed [12]. They are Positive Saturation Index 
(SIP) and Negative Saturation Index (SIN). These indices are computed by integrating the 
reactor current in suitably small time gap placed around the zero crossing of grid voltage. 
The difference between SIP and SIN is the input to the PI controller. The output of the PI 
controller is the compensation current that dynamically compensates the grid offset and 
the low-order harmonics. If there is no distortion then both SIP and SIN will be equal and 
the input to PI controller is zero. Then there is no generation of compensation current 
and the control algorithm works normally generating triggering pulses to the inverter 
switches. The block diagram of the compensation strategy is shown in Fig. 4.3. 
Ir
+
Icomp
-
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SIN
PI
 
Figure4.3 Block Diagram of Compensation Strategy 
 
4.4 SIMULATION RESULTS 
The proposed control strategy is simulated in MATLAB SIMULINK environment and 
the results are discussed in this section. The parameter values of the shunt connected 
LCL filter are given in Table-III. 
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TABLE-III. SYSTEM PARAMETERS 
Symbol Parameter Value 
Ppv System power 100 kW 
Vdc DC-link voltage 600 V 
Ug Grid voltage 380 V (line-to-line) 
Cdc DC-link capacitance 13400 µF 
fs Switching frequency 4.5 kHz 
L1 
L2 
LCL Filter Inductance 
LCL Filter Inductance 
1.2 mH 
1.1 mH 
Lg Grid inductance 1.8 mH 
Cf Filter capacitance 1.5 µF 
R1 Filter resistor 29 Ω 
R2 Filter resistor 54 Ω 
4.4.1 During Steady State Conditions: 
The simulation results under steady-state condition are illustrated in Fig. 4.4. Fig.4.4 (a) 
shows the three-phase grid voltage and grid current waveforms under steady state 
conditions and they are almost close to sinusoidal waveforms. Fig.4.4 (b) depicts d and 
q-axis grid current components and q-axis component is almost zero. And it implies that 
there is no reactive power injected into the grid and it ensures unity power factor 
operation of the grid. Also the dc-link voltage is maintained constant at 600 V which is 
illustrated in Fig.4.4 (c). The THD of grid current is largely reduced (1.27%) when 
compared with series connected LCL-filter and it is shown in Fig.4.4 (d). Thus, the 
fundamental component of the current injected to the grid has been increased, increasing 
the active power supplied by the RES to the utility grid. 
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(d) 
Figure4.4 Simulation results under steady state condition (a) Grid voltage and grid Current waveforms (b) 
d and q-axis grid currents (c) Response of DC-link voltage (d) THD of grid current. 
4.4.2 During Step Changes in the Input PV power: 
In order to simulate the operation of the proposed control strategy and to analyze the 
transient response of shunt connected LCL-type filter, a step changes in the extracted PV 
power whose amplitude reduced from 100 kW to 70 kW at 0.08 sec is applied and the 
related simulation results are shown in Fig.4.5. Due to step change in the PV power input 
at 0.08 sec, d-axis grid current component is changed at 0.08 sec and it reaches the 
steady state at 0.1 sec which is clearly shown in Fig.4.5 (b). However, q-axis grid 
component is still zero because of the proposed control strategy and it ensures unity 
power factor operation of the grid. In addition, the shunt connected LCL-type filter 
injects sinusoidal current into the grid with lesser THD (1.89% from the Fig.4.5 (c)) even 
in transient conditions. As in steady state condition, the amount of current injected into 
the grid has been increased when compared to series connected filter. 
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(b) 
 
(c) 
Figure4.5 Simulation results under step changes in input PV power (a) Grid voltage and grid Current 
waveforms (b) d and q-axis grid currents (c) THD of grid current. 
4.4.3 Comparative Analysis: 
A comparative study between series and shunt connected LCL-type filter is discussed 
here. With reference to Table-IV, it is found that, the shunt connected LCL filter is 
superior over series connected filter and it ensures almost sinusoidal current injection 
into the grid with reduced THD increasing the fundamental component of the injected 
grid current. 
TABLE-IV. COMPARISON OF SERIES AND SHUNT CONNECTED LCL FILTER 
 Steady State Condition Source Dynamics Condition 
 Series LCL Shunt LCL Series LCL Shunt LCL 
Overall THD of Grid 
Current 
1.75% 1.27% 2.36% 1.89% 
Fundamental Grid 
Current  
(A rms) 
81.61 A 88.97 A 76.42 A 87.88 A 
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4.5 CHAPTER SUMMARY 
This chapter deals with the shunt connected LCL filter. It explains the control strategy of 
the grid connected inverter with shunt LCL filter and presents the MATLAB simulations 
results of the proposed control strategy. From the simulation results it is clear that the 
shunt connected LCL filter has better performance for grid interconnection application. 
Finally a comparative study is made between series and shunt connected filters, which 
shows that the shunt filter increases the fundamental component of the injected grid 
current thereby increasing the amount of active power injected by the RES. 
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CHAPTER 5 
 
CONCLUSIONS 
5.1 Conclusions 
5.2 Future Scope 
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5.1 CONCLUSIONS 
Now-a-days, the integration of renewable energy sources to the grid is one of the most 
discussed topics in power industry. There are numerous issues and challenges regarding 
grid interconnection.  
The harmonics present in the injected grid current is one of the major issues. To 
overcome these problems, LCL filter can be used which filters the harmonics. But it 
suffers from the resonance problem. In order to overcome these problems, active and 
passive damping methods have been proposed in this project. And also the control of 
grid connected inverter with LCL filter is studied and analyzed. 
Following work carried out in this project- 
 The grid connected RES system has been presented 
 The use of filter for grid interconnection and the advantage of LCL filter has been 
explained 
 The mathematical model of the grid connected RES with LCL filter has been 
derived 
 The basic control strategy of grid connected inverter has been explained 
 Active and passive damping methods to damp out filter resonance have been 
proposed 
 A comparative study of two different filter topologies has been made 
By using the MATLAB-SIMULINK the following simulations were done- 
 Simulation of 3-ϕ grid connected RES with series LCL filter using active and 
passive damping methods under steady state and source dynamics conditions and 
it has been found that active damping method has better response with reduced 
grid current THD 
 Simulation of 3-ϕ grid connected RES with shunt LCL filter under steady state 
and source dynamics conditions. From this simulation it is found that the shunt 
LCL filter has better characteristics and suits better for grid interconnection as it 
increases the fundamental grid current injected by the RES 
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From this project the following conclusions are made- 
 Among the different filter topologies present in the literature, the LCL filter best 
suits for grid interconnection application 
 The active damping method of LCL filter has better response with reduced THD 
of grid current which is within IEEE standards 
 The passive damping method of LCL filter is a low cost solution and is used 
where efficiency can be sacrificed slightly 
 The shunt connected LCL filter with parasitic elements has better performance 
than the series connected filter and increases the power injected into the grid 
5.3 FUTURE SCOPE 
 The grid connected RES system with the proposed control strategy can be 
simulated at various operating conditions like- grid faults and abnormalities 
 The control strategy can also be implemented using any Artificial Intelligence 
(AI) techniques 
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